Novel therapies in autosomal dominant polycystic kidney disease (ADPKD) signal the need for markers of disease progression or response to therapy. This study aimed to identify disease-associated proteins in urinary extracellular vesicles (uEVs), which include exosomes, in patients with ADPKD. We performed quantitative proteomics on uEVs from healthy controls and patients with ADPKD using a labeled approach and then used a label-free approach with uEVs of different subjects (healthy controls versus patients with ADPKD versus patients with non-ADPKD CKD). In both experiments, 30 proteins were consistently more abundant (by two-fold or greater) in ADPKD-uEVs than in healthy-and CKD-uEVs. Of these proteins, we selected periplakin, envoplakin, villin-1, and complement C3 and C9 for confirmation because they were also significantly overrepresented in pathway analysis and were previously implicated in ADPKD pathogenesis. Immunoblotting confirmed higher abundances of the selected proteins in uEVs from three independent groups of patients with ADPKD. Whereas uEVs of young patients with ADPKD and preserved kidney function already had higher levels of complement, only uEVs of patients with advanced stages of ADPKD had increased levels of villin-1, periplakin, and envoplakin. Furthermore, all five proteins correlated positively with total kidney volume. Analysis in kidney tissue from mice with kidney-specific, tamoxifen-inducible Pkd1 deletion demonstrated higher expression in more severe stages of the disease and correlation with kidney weight for each protein of interest. In summary, proteomic analysis of uEVs identified plakins and complement as disease-associated proteins in ADPKD. These proteins are new candidates for evaluation as biomarkers or targets for therapy in ADPKD.
Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited kidney disease, affecting approximately 4 in 10,000 individuals. 1 It is caused by mutations in the PKD1 or PKD2 gene, encoding for polycystin-1 and polycystin-2 proteins. 2 Both proteins are associated with primary cilia and are thought to play a role in stretch-activated signaling. Loss of function of polycystins results in the development of fluid-filled cysts, ultimately leading to disruption of the normal kidney parenchyma. In the last decade, urinary extracellular vesicles (uEVs, which also include the so-called exosomes) 3 have emerged as promising markers for kidney disease. [4] [5] [6] These nanosized vesicles are released by direct shedding or by fusion of multivesicular bodies with the plasma membrane. 7 Their content comprises proteins and nucleic acids, both of which have been explored as biomarkers. 5 More specifically, uEVs appear to mirror the cellular make-up of renal epithelial cells. For example, we previously showed that aldosterone increased the sodium chloride cotransporter in both the kidney and uEVs. 8 Twenty percent to 60% of renal cysts in ADPKD remain connected with the parent nephron, 9, 10 so that a substantial portion of uEVs in ADPKD may be derived from cyst epithelial cells. Studying uEVs in ADPKD may address the pathophysiology of the disease because uEVs contain polycystins and interact with primary cilia. 11 We therefore hypothesized that studying uEVs in ADPKD is more advantageous than studying whole urine. Accordingly, the aims of this study were to (1) compare the proteome of whole urine with the proteome of uEVs and (2) identify disease-associated proteins in uEVs from patients with ADPKD.
RESULTS
Characteristics of Participants uEVs were isolated in four groups of patients with ADPKD due to a PKD1 mutation in order to identify and confirm disease-associated proteins ( Figure 1 , Supplemental Table 1 , and Table 1 ). (1) In the identification cohort, we used labeled proteomics to identify proteins with higher or lower abundance in uEVs of patients with ADPKD. We also analyzed the proteome of whole urine to compare it with the uEV proteome. (2) In confirmation cohort 1, we used label-free proteomics, included different patients with ADPKD, and also included patients with non-ADPKD CKD. Patients with CKD were matched by age, sex, and eGFR, and this group was used to exclude proteins that may be related to impaired kidney function in general. The reason to use both labeled and label-free proteomics techniques is that the two approaches complement each other in terms of quantitation (labeled) and sensitivity (label-free). (3) In confirmation cohort 2, uEVs were isolated and compared with the uEVs of the patients with CKD from the validation cohort. (4) Finally, confirmation cohort 3 consisted of healthy control subjects, young patients with ADPKD who have preserved renal function (CKD stage 1) and those with more progressive disease (CKD stages 2-4). Figure 2A shows that 1048 proteins were identified in whole urine and 1245 proteins were identified in uEVs, of which 527 overlapped (see www.proteomexchange.org, identifier PXD003298, for a list of all proteins). The total number of identified proteins in urine was therefore 1766. Of interest, although whole urine still contained uEVs, 718 proteins were identified only in uEVs. This suggests that isolation of uEVs results in a different set of proteins not found in whole urine. Figure 2B characterizes how the unique proteins distribute to the different cellular components. Whole urine showed more cell surface, plasma membrane, and extracellular proteins, whereas uEVs showed more cytoplasmic, cytoskeletal, endosomal, and mitochondrial proteins. Of the 517 unique proteins in whole urine, the majority (389 proteins [75%]) had a molecular mass below the cutoff for glomerular filtration (,70 kDa). 12 We also performed a qualitative comparison to identify overrepresented pathways in whole urine and uEVs of patients with ADPKD (Table 2) . 13 Using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) annotation tool (National Institute of Allergy and Infectious Diseases, Bethesda, MD), 14 we identified that significantly over-represented pathways in ADPKD-uEVs consisted of actin-related processes and immune system processes, including complement activation. The latter finding was confirmed by an analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG), which also indicated that "complement and coagulation cascades" (hsa04610) were over-represented in ADPKD (37 proteins; P=0.01).
Quantitative Proteomics of ADPKD-uEVs
We performed quantitative proteomics in the identification cohort and confirmation cohort 1 in order to select proteins that were consistently higher or lower in uEVs of patients with ADPKD and not related to CKD (Figure 1 ). Table 3 shows the 30 proteins with consistently higher abundance in ADPKD-uEVs and the four proteins with lower abundance, including the ratios for the mean ion intensities (ratios were not calculated if proteins in one of the control groups were absent or not very abundant). Among the identified proteins were the actin-modulating protein villin-1, as well as plakins such as envoplakin and periplakin. Complement-related proteins, including complement C3 and C9, were also more abundant in ADPKD-uEVs.
Confirmation of Plakins and Complement in ADPKDuEVs
Five proteins that were more abundant in uEVs of patients with ADPKD were selected for confirmation and further characterization according to the pathway analysis and their possible involvement in the pathophysiology of ADPKD. [15] [16] [17] [18] [19] These proteins included villin-1, envoplakin, periplakin, C3, and C9 (Table 3) . To confirm the quantitative proteomics results, we immunoblotted the five proteins using the same pooled uEV samples as were used for the proteomics studies ( Figures  1B and 3) . Indeed, the abundance of all five proteins was higher for the ADPKD group than for the two other groups.
Similar abundances of CD9 suggested similar number of vesicles in the three groups. 20 The five proteins of interest were subsequently analyzed in uEVs from a third group of patients with ADPKD ( Figure 1C ) and compared with those from the CKD group (Figure 4) . Again, this analysis confirmed the higher abundance of the five selected proteins in ADPKDuEVs, but now also on an individual basis. Because our identification and confirmation cohorts 1 and 2 consisted of older patients who had ADPKD with CKD stages 2-3, we also analyzed our proteins of interest in a third confirmation cohort ( Figure 1D ) consisting of younger patients with ADPKD and preserved renal function and additional patients with APDKD who had CKD stages 2-4 ( Figure 5 ). Because CD9 declined with progressive CKD, we analyzed the ratio between uEV protein abundance and CD9. Villin-1, periplakin, and envoplakin were increased only in progressive CKD, whereas complement was already increased in uEVs from patients with ADPKD who had preserved renal function. In addition, all five proteins correlated with height-adjusted total kidney volume ( Figure 5B ).
Characterization of Plakins and Complement in uEVs
We further characterized the five proteins by density-based fractionation using sucrose ( Figure 6 ). This was done to analyze the type of vesicles with which the proteins associate, using CD9 and CD63 as markers for exosomes 20 and NHE3 and AQP2 as markers for vesicles derived from the proximal tubule or collecting duct, respectively. An additional advantage of density-based fractionation is that protein complexes and large protein aggregates may be coisolated during ultracentrifugation but do not float on a sucrose gradient. 21 This analysis suggested the presence of two populations of vesicles. More specifically, periplakin, envoplakin, villin-1, and C9 were detected in CD9-and CD63-positive fractions, suggesting their presence in exosomes. 20 All six proteins were also detected in the fractions representing denser vesicles (fractions 2-4). The presence of AQP2 in these denser vesicles (mainly in fraction 3) suggests that some of these vesicles are derived from the collecting duct. 22 
Increased Plakins and Complement in ADPKD Mouse Models
To analyze whether the proteins of interest were also more abundant in polycystic kidneys, we used three variants of kidney-specific-tamoxifen-inducible Pkd1-deletion (iKsp-Pkd1 del ) mice (Supplemental Table 2 ). 23 Pkd1 inactivation in these mice was induced at postnatal day (P) 10, 18, or 40, which results in distinct PKD phenotypes. The P10 model rapidly develops cysts primarily from distal tubules and collecting ducts, 24 whereas the P40 model has a much slower progression, with cysts derived primarily from the proximal part of the nephron and to a lesser extent from distal tubules and collecting ducts. 25 The P40 mice were euthanized after 117 or 140 days, resulting in a mild (normal blood urea) or severe (elevated blood urea) phenotype. In addition, P18-iKsp-Pkd1 del mice make up an adult onset model with cysts from all different tubular Mean ion intensities were compared and are reported as ratios. No ratio was calculated (NC) if the protein was identified in patients with ADPKD but was absent in the healthy persons or patients with non-ADPKD CKD (or identified at very low levels). b These proteins were selected for confirmation and further characterization. c These proteins were not identified in whole urine.
J Am Soc Nephrol 27: ccc-ccc, 2016 Urinary Extracellular Vesicles in ADPKD segments (W.N. Leonhard, D.J. Peters, unpublished observations). The abundance of both periplakin and envoplakin was significantly higher in the P10, P18, and, to a lesser extent, P40 severe models ( Figure 7A ). Villin-1 was increased in P18 and P40. Complement C3d (the final breakdown product of activated C3) and C9 were increased in the P18 model but decreased in P10. Of note, the lower abundances of C3d and C9 may be related to age rather than to ADPKD (wild-type mice 4 and 5 were younger than the other wild-type mice but had the same age as the P10 mice) (Supplemental Table 2 ). No changes in C3 and C9 were found in the P40 models. Furthermore, we found that protein abundance correlated positively with total kidney weight for villin-1, envoplakin, and complement C3d and C9 ( Figure 7B ).
DISCUSSION
uEVs are increasingly used to identify noninvasive markers of disease, including ADPKD. Here, we show higher abundances of complement-related proteins (C3 and C9) and cytoskeletal proteins (villin-1 and plakins) in ADPKD-uEVs and suggest that these proteins may be used as disease markers. Complement C3 and C9 increased early in the disease, whereas the cytoskeletal proteins increased with more progressive disease. Proteomic analyses of uEVs should be interpreted critically because many aspects of uEVs remain unclear. 5 However, we believe the strengths of the approach in this study were as follows: (1) Two complementary proteomics approaches were used to identify proteins of interest, (2) the proteins of interest were higher in four independent groups of patients with ADPKD, (3) results were compared with non-ADPKD CKD-uEVs to exclude proteins related to kidney function decline in general, (4) the proteins of interest correlate to total kidney volume, and (5) the proteins of interest were also increased in mouse models of ADPKD.
The identification of villin-1, plakins, and complement in uEVs of patients with ADPKD may be biologically plausible. Villin-1 is an actin-modifying protein involved in cell morphology, actin reorganization, and cell motility; in the kidney, it is mainly expressed in the brush border of the proximal tubules. 26 Polycystin-1 is implicated in the regulation of actin cytoskeleton organization, migration, and cell adhesion. 27 Defects in polycystin-1 results in cell-polarity defects 28 and aberrant cell growth, 29 which may explain the increase of villin-1.
The desmosomal plaque consists of several transmembrane proteins belonging to the cadherin family (also called plakins 30 ). Desmosomes form an adhesive junction at the basolateral membrane and are vital for stabilizing the epithelial sheet. Polycystin-1 is associated with desmosomal proteins and is required for the establishment of cell polarity. 19, 31 In ADPKD, polycystin-1 no longer colocalizes with desmosomes, leading to mispolarization of desmosomal proteins from the basolateral side to the apical domain. 17 This may explain why we found higher abundances of plakins in uEVs of patients with ADPKD.
Complement activation has previously been implicated in both autosomal recessive polycystic kidney disease and ADPKD. 15, 16, 18 Gene expression analysis in cpk mice, a model for polycystic kidney disease, identified the innate immune response to be highly activated, specifically complement factors such as C3. 16 In humans, cyst epithelial cells produce complement components, including C3 and C9, as shown in immunohistochemical staining. 15, 18 Many of the complement components are abundantly present in human ADPKD kidney cyst fluid. 32, 33 Furthermore, inhibition of the complement system by rosmarinic acid in Pkd1 2/2 mice and Han:SPRD Cy/+ rats reduced cyst growth, 18 suggesting that the complement pathway is involved in the pathogenesis of ADPKD. We identified nearly all complement proteins in uEVs, both from the classic (C1q, C2, and C4) and alternative (complement factors B and D) pathways, along with inhibitors of this system (plasma protease C1 inhibitor, C4-binding protein, and complement factor B). Complement C9 colocalized with the exosomal markers CD9 and CD63, suggesting its presence in exosomes. However, complement C3 was mainly identified in a denser fraction, as was previously demonstrated. 34 Other studies also reported the presence of complement in uEVs [34] [35] [36] and circulating EVs. 37, 38 It is unclear why complement is isolated in ultracentrifuged urine and whether complement is physically associated with uEVs. In theory, complement may be filtered from plasma and end up nonspecifically attached to uEVs. However, most complement proteins are large (the majority exceeding 70 kDa) and therefore unlikely to be filtered. A more plausible explanation is the local production and excretion of complement by Immunoblot analysis of the five selected proteins using the same pooled urine as was used for quantitative proteomics in the validation group. The first three rows show results for isolated uEVs (pellet), while the last three rows show results for the supernatant (SN), which was used as negative control. Anti-complement C3 antibody recognizes the C3 a chain (aC3) and its split product, iC3b. H, healthy persons; PKD, polycystic kidney disease.
renal epithelial cells, 39 possibly to opsonize pathogens as a defense mechanism for urinary tract infections. 40, 41 The higher abundance of components of the complement system in uEVs of patients with ADPKD may reflect increased production by renal cyst epithelial cells.
Recently, Hogan et al. also studied uEVs as a source of biomarkers for ADPKD. 42 In patients with a PKD1 mutation, they found polycystin-1 and polycystin-2 to be decreased and transmembrane protein 2 (TMEM2) to be increased. The ratios between the two polycystins and TMEM2 allowed differentiation between patients with ADPKD and healthy persons. In our study, polycystins were not identified in our first quantitative proteomics experiment (identification cohort) and therefore were not selected for further confirmation. In the second analysis (confirmation cohort 1), polycystin-2 was identified and was 83% lower in patients with ADPKD than in healthy persons, but it was not identified in the CKD group. Polycystin-1 was identified only in the control group, and TMEM2 was not identified at all.
We propose the following explanations for these differences. First, to analyze the complete spectrum of vesicles, we did not fractionate uEVs, whereas Hogan et al. isolated polycystinpositive uEVs. 42 This difference in isolation methods may explain why polycystin-1 and polycystin-2 were five-to seven-fold more abundant in the study by Hogan et al. 42 Second, our patients with ADPKD had a lower eGFR. In addition to the mutation, the decreasing eGFR may explain why we observed a larger decrease in polycystin-2 and failed to identify polycystin-1 in patients with ADPKD.
The reason to focus on uEVs is illustrated by the comparison of the urinary proteome of whole urine with that of uEVs (Figure 2) . The proteins identified in whole urine by mass spectrometry primarily consisted of extracellular proteins with low molecular weight and were therefore most likely plasma derived. 12 Although whole urine still contained uEVs, the isolation of uEVs yielded a set of 718 unique proteins that were primarily of intracellular origin. These differences underscore that the isolation of uEVs increases the identification rate of low-abundant proteins that are likely derived from renal epithelial cells. These proteins were not identified in whole urine, probably because they were masked by more abundant plasma-derived proteins. To our knowledge, only one study has compared these two proteomes, using less sensitive mass spectrometers (,100 identified proteins in each fraction). 43 Gradient fractionation showed that all proteins were present in CD9+ and CD63+ vesicles, compatible with exosomes, but also revealed their presence in denser vesicles. These might be ectosomes from the glomerulus, 34 but electron microscopy would be necessary to confirm this. The distinction in vesicle subtype is relevant because polycystin 1 and 2 are excreted in exosomes. This implies that selectively isolating CD9, CD63, or polycystin-positive vesicles may be a useful strategy to more specifically analyze diseaseassociated proteins. 42 Our study has a number of limitations. Pooled urine was used for proteomics analysis to increase homogeneity, but this did not allow statistical analysis of the proteomics results. This was addressed by analyzing the candidate proteins in individual patients from a separate ADPDK group (Figures 4 and 5) .
Although the inclusion of two proteomics studies reduced the list of candidate proteins, we believe this approach excluded proteins related to intersubject variation and non-ADPKD CKD. It is unlikely that uEV-markers will be used as a diagnostic tool in ADPKD because the diagnosis can usually be established by family history, ultrasonography, or computed tomography. 2 Therefore, to be clinically useful, uEV markers should correlate with disease progression or response to therapy. The proteins identified in this study should therefore be considered candidate markers and require further evaluation in larger prospective studies using serial urine samples. 44 Unlike the complement proteins, villin-1 and the plakins appear unsuitable for early monitoring of ADPKD. They may be evaluated in more advanced stages of ADPKD, for example, for monitoring therapeutic response. Importantly, kidney injury unrelated to ADPKD may also increase complement in uEVs, although several studies have indicated that complement may play a more specific role in the disease. 15, 18 These aspects should be considered in future evaluation of the candidate proteins identified in this study.
In conclusion, we have demonstrated the advantage of uEVs to enrich the urinary proteome. We explored uEVs as potential biomarkers for ADPKD and identified several classes of proteins to be specifically increased, including plakins and components of the complementsystem.These findingswarrantfurther investigationof these proteins as potential biomarkers in a larger prospective cohort.
CONCISE METHODS

Participants and Isolation of uEVs
The Medical Ethics Committee of the Erasmus Medical Center approved this study (MEC-2012-313 and MEC-2013-370). Patients with ADPKD were recruited from the ongoing Developing Interventions to Halt Progression of ADPKD (DIPAK) 1 and DIPAK observational studies, which include patients with ADPKD who have preserved renal function as well as those with CKD stages 2-4. 45 Genetic analysis was performed for all patients. To increase homogeneity, we included only patients with a confirmed PKD1 mutation (Supplemental Table 1 ). Two patients with a negative PKD2 mutation and an ADPKD phenotype were also considered to have a PKD1 mutation. 46 Each individual patient was matched for age and sex to a healthy control (identification cohort) or matched for age, sex, and eGFR to a patient with CKD (confirmation cohorts 1 and 2). Additional inclusion criteria for the patients with CKD were the absence of ADPKD and minimal proteinuria (,1 g/10 mmol creatinine).
Previously, we successfully used spot urines for uEV analysis (normalized by urinary creatinine) and prefer this over 24-hour urine to limit protein degradation and the risk of incomplete collections. 8 Therefore, second-morning spot urines were collected, a protease inhibitor (cOmplete, Roche Diagnostics, Indianapolis, IN) was added, and samples were immediately stored at 280°C until further processing. uEVs were isolated using high-speed centrifugation and ultracentrifugation (see Supplemental Data for complete protocol). 8 Our protocol differed from a recent uEV study in ADPKD, 42 which used density gradient fraction to enrich for PKD-positive uEVs. We did not Urinary Extracellular Vesicles in ADPKD use this approach because we were interested in all uEVs. A recent study compared different uEV isolation protocols and concluded they were comparable. 47 Dithiothreitol was used in our protocol because this disrupts uromodulin, which may entrap uEVs, 20 although it may also cause loss of certain uEV proteins. Obtained pellets were processed for mass spectrometry or solubilized in Laemmli buffer for immunoblot analysis. Supplemental Figure 2 shows a representative SDS-PAGE gel for three uEV samples stained with Coomassie blue.
Mass Spectrometry
Samples were prepared for mass spectrometry as described previously.
Briefly, uEVs and acetone-precipitated whole urine were lysed and Da on lysine and the peptide N-terminus (heavy) were added to the search parameters. The resulting data were analyzed using the DAVID bioinformatics tool to determine which Gene Ontology terms are overrepresented relative to the complete set of identified proteins. For this analysis, we excluded pathways that were similarly enriched in healthy persons or the CKD group. Gene Ontology terms were retrieved by the software tool for rapid annotation of proteins (STRAP, version 1.5.0.0). 51 
Immunoblotting and Sucrose Gradient Fractionation
The solubilized uEV pellet was preheated at 60°C for 15 minutes. SDS-PAGE was carried out on a 4%-20% gradient gel, and proteins were transferred to Trans-Blot Turbo (Bio-Rad, Hercules, CA). The membranes were blocked in 5% milk and were probed overnight at 4°C with the antibody of choice. The following antibodies were used: envoplakin (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), periplakin (1:2000; Abcam, Inc., Cambridge, MA), complement C3 (1:1000; Abcam, Inc.), complement C9 (1:1000; Abcam, Inc.), Figure 6 . Sucrose gradient fractionation. Sucrose gradient fractionation was performed to analyze the type of vesicles with which the identified proteins associate. Fraction 1 represents the most dense fraction. In addition to the six proteins of interest, we also analyzed CD9 and CD63 (markers for urinary exosomes) and NHE3 and AQP2 (markers for proximal tubule and collecting duct). "Pellet" refers to a part of the pooled ultracentrifugation pellet used for direct immunoblotting (positive control). Anticomplement C3 antibody recognizes the C3 a chain (aC3) and its split product, iC3b. The antibodies against mouse C3dg, C3d, and C9 were generated by one of the investigators (C.V.K.). 52 After three washes (3310 minutes in TBS-Tween 20), membranes were incubated with the secondary antibody in 5% milk (1:3000; Thermo Fisher Scientific) for 1 hour and washed again. For visualization, blots were exposed to Pierce enhanced chemiluminescent substrate and measured by Uvitec Alliance 2.7 (Cambridge, United Kingdom). Chemiluminescence was quantified using ImageQuant TL (Life Sciences, version 8.1), Figure 7 . Immunoblot analysis of proteins of interest in mouse model of ADPKD. (A) Immunoblot analysis comparing the proteins of interest in kidney homogenates of three inducible ADPKD mouse models. "P" indicates the postnatal day at which the Pkd1 gene was inactivated with tamoxifen. The P40 mice were euthanized at two different time points, producing a mild (normal blood urea) or severe (elevated blood urea) phenotype. Each ADPKD group was compared with wild type. (B) Correlations between kidney weights and kidney abundances of villin-1, envoplakin, periplakin, and complements C3d and C9. Spearman Rho and P values are shown. *P,0.05. 2KW/body wt, 2 kidney weight-to-body weight ratio.
background was subtracted, and ratios were measured in Excel (Microsoft Corp., Redmond, WA). For the sucrose gradient fractionation, we used spot urine samples from four patients with ADPKD. After pooling the samples and obtaining the uEV pellets, we ultracentrifuged uEVs overnight on top of a 2.5-0.25-M sucrose gradient, corresponding to a density of 1.32-1.03 g/m 3 . Each fraction was carefully removed, diluted in PBS, and ultracentrifuged again to obtain the pellet. Fractions were solubilized in Laemmli buffer for immunoblot analysis.
Mouse Models of ADPKD
The local animal experimental committee of the Leiden University Medical Center and the Commission Biotechnology in Animals of the Dutch Ministry of Agriculture approved the animal experiments. The generation of the iKsp-Pkd1 del mice and tamoxifen administration to these mice were described previously. 23 On 3 consecutive days the mice received a tamoxifen dosage of 6 mg/kg at P10-12, 150 mg/kg at P18-20, or 200 mg/kg at P40-P42 (Supplemental Table 2 ). The P10 mice were euthanized at 33 days of age, at which point the mice have relatively severe PKD. The P18 and the P40 mice were euthanized at the onset of renal failure (defined as a blood urea level . 20 mmol/L, as assessed by Reflotron technology; Kerkhof Medical Service). An additional time point with mild PKD of the P40 mice (11 weeks after tamoxifen) was included. Protein extraction from these kidneys was performed as described previously. 25 
Statistical Analyses
Immunoblotting results were analyzed by t test or Mann-Whitney U test, as appropriate. A P value #0.05 was considered to represent a statistically significant difference. Gene ontology enrichment was calculated by the DAVID bioinformatic tool, which applies the Fisher exact test (P#0.05 is considered strongly enriched).
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